We studied the kinetics of proximal and distal bronchial response to histamine aerosol in healthy anesthetized and mechanically ventilated rabbits up to 60 min after histamine administration using a novel xenon-enhanced synchrotron radiation CT imaging technique.
INTRODUCTION
Although airway hyperreactivity is the hallmark of bronchial asthma, little is known about the differences in the regional kinetics of airway narrowing in the tracheobronchial tree during an asthma attack. Whether airway size plays a role in determining the local differences in reactivity and kinetics of airway response to constricting agents remains a matter of debate. Several studies in explanted lung preparations in rat (45) and human (46) and in isolated airway smooth muscle or isolated bronchus (13, 17, 18) have shown larger airway response, and faster kinetics (13, 45) in smaller distal airways. Over the past decade, high-resolution CT (HRCT) imaging has been used in the assessment of airway response in intact lung in animal models of bronchoprovocation as well as in humans. High-resolution CT offers the possibility to study the site and heterogeneity of bronchoconstriction (5). Using HRCT, Amirav et al. (1) found a trend towards a stronger response to methacholine in small airways compared to large airways in pig, although the differences did not reach statistical significance. Brown et al. (7) observed a large variability in
Data acquisition protocol
Each rabbit served as its own control, as baseline images were acquired before inhalation of histamine. Animal position was checked from an anteroposterior thoracic reference image.
Based on the reference image, 3 different cross-section levels were selected at the 4 th (upper), 6 th (middle), and 8 th (lower) thoracic vertebral levels for tomographic image sequences. All crosssection levels were caudal to the carina since the size of major airways was larger caudal to the carina, making caliber analysis based on the images more accurate. Cardiac gating was not used, because it has been verified that cardiac motion causes only minor artifacts on the sequential CT images (32). For the best matching of the anatomical structures, the baseline images were acquired at 2 extra levels on each side of the nominal upper, middle and lower cross-section levels.
The imaging sequence described in figure 2 was repeated every 3 minutes at the upper, middle and lower lung cross-section levels for the first 30 minutes after histamine inhalation, then every 10 minutes up to 60 minutes. Airways whose lumens could be directly measured from the CT images are referred to as "proximal". In the beginning of the imaging sequence, the inhaled gas was switched from air to the Xe/O 2 gas mixture. After a preset number of 4 ventilatory cycles used to prime the ventilation circuit, a deep inspiration was administered at approximately 70% TLC estimated based on body weight (41) and ventilation was paused in inspiration for 4 seconds, during which a CT image was acquired at similar tracheal pressures among rabbits. This image was used to measure the calibers of proximal conducting airways as described later, since the deep inspiration maximized xenon density in proximal conducting airways. Ventilation was then resumed for another 6 ventilatory cycles in order to increase the alveolar density of the Xe/O 2 gas mixture, and paused again at end-expiration -corresponding to FRC -for 4 seconds during which a second CT image was acquired. This was motivated by the fact that motion Final accepted version JAP-00594-2005-R2 artifacts in the lung fields were minimal at end-expiration. This second image was used to calculate the ventilated alveolar area. The appropriate number of preliminary cycles to obtain sufficient xenon densities within the airways was determined based on previous experiments. At the end of the imaging sequence, the inhaled gas was switched back to air in order to flush xenon out of the lungs. The imaging sequence was then repeated at a different lung cross-section level.
Typically, the entire sequence from the switch to the Xe/O 2 gas mixture to the switch back to air took 24 seconds.
3-Dimensional reconstruction of the bronchial tree
In order to obtain a visual assessment of the ventilated bronchial tree, 3D images were reconstructed from 80 successive KES-CT images in one rabbit before, and one hour after histamine inhalation. The CT images were acquired on inspiration, when the bronchi were filled with the Xe/O 2 gas mixture, using a modified imaging sequence. This imaging sequence consisted of one CT image at inspiration, and between the CT acquisitions, xenon was flushed out from the lungs. The image acquisition started at the upper extremity, and the vertical step between images was equal to the beam height, i.e.: 0.7 mm. The KES-CT images were segmented based on the xenon density within the airways, and the surface rendering of the 3D image was performed using specific software developed with the MatLab programming package (Math Works, Inc.).
Image analysis
The luminal surface area of the two largest bronchi in each lung slice was calculated by fitting ellipses to contours of the xenon distribution in the bronchi. A total of 36 airways (6 per animal) were analyzed. The 2 larger airways on each image were chosen because the Final accepted version JAP-00594-2005-R2 measurement of airway luminal area and caliber could be most accurately performed in airways larger than 2 mm in diameter as explained in the following. Initial segmentation was done manually. The centroid of the segmented region was used as an initial estimate for the ellipse center. The distances from the center were calculated for each pixel at the edge of the segmented region, and the farthest point was used for approximating the orientation and length of the major axis, while the nearest point was used to estimate the length of the minor axis. The center point location, axis lengths and orientation of the ellipse were refined by a minimization procedure using the Nelder-Mead simplex method (30). In most cases the axes of the ellipse were almost equal indicating that the bronchus was nearly perpendicular to the image plane. The minor axis is the radius of a circular lumen of bronchus, and this radius was used to calculate the luminal area given in table 1 and in figures 5 and 6.
The method for estimating the airway luminal area was validated by using a Plexiglas phantom. The phantom consisted of six tubes with various diameters (2.0, 4.0, 6.0, 8.0, 10 .0 and 12.0 mm). The tubes were filled with the same Xe/O 2 gas mixture that was used in the animal experiments. The luminal areas were calculated from the CT images using the method described above. The values were compared with the true cross sections. Differences were less than 5.0%.
The kinetics of distal airway response to histamine was studied indirectly by imaging the area of xenon-filled airspaces in the lung fields in each KES-CT image (named ventilated alveolar area) using specifically developed software using the MatLab programming package (MathWorks, Natick, Massachusetts). Prior to analysis, the proximal airways were eliminated from the original image by masking. The distribution of xenon density in baseline KES-CT images was unimodal. Ventilated alveolar area was calculated by thresholding based on the xenon density. The upper and lower threshold density limits were defined as the mode ± 2 SD based on the xenon distribution in the baseline image. The ventilated alveolar area was calculated Final accepted version JAP-00594-2005-R2 12 as the total area of pixels comprised within the threshold limits. Within-subject heterogeneity of ventilation was calculated from the coefficient of variation CV of xenon density in the lungs.
Results from different animals were compared to the baseline values.
Lung mechanics parameters
The overall respiratory system resistance R was calculated using a multiple linear regression method using the following mathematical model:
Where P TR (cmH 2 O) is the tracheal pressure; P 0 (cmH 2 O) is the dynamic positive end-expiratory pressure, E (cmH 2 O/ml) is respiratory system elastance; V (ml) is the lung volume; R (cmH 2 O·s/ml) is respiratory system resistance, and F (ml/s) is ventilation flow. 
RESULTS
Our results show that using the KES-CT technique, both the magnitude and kinetics of the alterations in regional lung ventilation induced by histamine bronchoprovocation can be quantified. For an overall view of the effects of the histamine provocation a 3-dimensional image of the bronchial tree was obtained based on serial CT images of the lung performed before and after histamine inhalation. Such image reconstructions allow a global assessment of the effectively ventilated proximal airways. An example of a 3D reconstruction of the bronchial tree in one rabbit is shown in figure 3 .
Luminal areas of individual proximal airways
At each cross-section level, the 2 largest airways on opposite lung fields were chosen from all imaging cross-section levels for a detailed analysis. In the baseline images the lumens of these airways ranged from 5.9 mm 2 to 18.4 mm 2 , corresponding to diameters of 2.7 mm to 4.8 mm. These airway dimensions correspond to approximately the 6th and the 2nd airway generations (33). The airway areas were largest at the upper cross-section level and smallest at the lower cross-section level, as successively further generations of the bronchial tree were imaged. Baseline airway diameters and luminal areas are summarized in Table 1 .
Kinetics of airway narrowing in proximal and distal airways
Kinetics of histamine-induced bronchoconstriction was studied up to 60min after ) constriction than airways in the middle and lower slices and in half of the animals, no constriction was observed at this cross-section level. There was no significant difference in the constriction of middle and lower lung levels. The difference in time to maximal constriction was not significant between any of the levels.
The maximal magnitude of constriction in proximal airways relative to the luminal area at baseline and the time required for maximal airway narrowing are summarized in table 2. There was a significant correlation (R = 0.54, P < 0.001) between the baseline airway luminal area and the airway area at maximal constriction ( Figure 6 ).
Behavior of distal airways was studied indirectly by imaging the ventilated alveolar area. Figure 7 shows the kinetics of ventilated alveolar area and the relative respiratory system conductance G/G 0 following histamine inhalation. This figure also includes two data points taken from a separate study with 4 rabbits under the same experimental conditions, except that no deep inspiration was included in the sequence. Unlike the reduction in proximal airway size, the drop in ventilated alveolar area was immediately maximal; with the first data points acquired 6 min after the start of the histamine inhalation. Since no significant difference was found between the three studied lung cross-section levels, the ventilated alveolar area data were pooled and presented as a single curve. Ventilated alveolar area and lung mechanics parameters; airway pressure (P TR ), tidal volume (VT), and respiratory system resistance (R) are summarized in table 3. The maximal relative change in ventilated alveolar area averaged over the 3 imaged crosssection levels was 55% following histamine inhalation; which was similar in magnitude to that in proximal airways of 57% (tables 2, 3).
The increase of the respiratory system resistance was accompanied by a marked increase of the heterogeneity of regional xenon density, as shown in Figure 8 . Alike ventilated alveolar area, the heterogeneity of xenon density was immediately maximal and showed fast recovery.
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The recovery rate in the ventilated alveolar area was much faster than that observed in proximal airways, with values close to the baseline as soon as 25 min after histamine inhalation.
Examination of the kinetics of the overall respiratory system resistance showed that it was also maximal immediately following the histamine inhalation. Unlike the ventilated alveolar area, the respiratory system resistance was still significantly elevated at 20 min after histamine inhalation, and showed a slower decay with values still significantly above baseline at 60 min. Proximal and distal airways had a combined impact on the respiratory system conductance (G/G 0 ), however with significantly different kinetics (P<0.0001 by repeated-measures ANOVA); initially dominated by distal airway obstruction followed by proximal airway narrowing, as presented in figure 9 .
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DISCUSSION
In this study we have assessed the role of airway size in the kinetics and magnitude of airway response to histamine inhalation in healthy rabbits. This is the first study where bronchoconstriction after histamine inhalation has been quantitatively imaged at the level of individual bronchi in vivo in a small animal model.
Technical considerations.
We used a novel method; K-edge subtraction (KES) CT imaging to assess the changes in bronchial luminal areas after bronchoconstriction induced by inhaled histamine. A detailed discussion of the advantages and limitations of the method has been presented recently (32).
Previously, videomicrometry in lung slices maintained in culture media has been used to study reactivity in both proximal and distal airways, including in small animal models such as rat (11, 25) . A major advantage of these techniques is that airways of all generations can be studied with little limitation in image resolution. On the other hand, central nervous system and circulatory influences are absent, and the load on airway smooth muscle is theoretically smaller in isolated than in intact lung (46). A significant advantage of the KES-CT technique is that it allows for the non-invasive study of several generations of conducting airways in the rabbit model in vivo. This is due to a spatial resolution, which is sufficient for the study of bronchial reactivity in individual airways down to approximately 2.0mm in diameter. Unlike videomicrometry, KES-CT does not allow direct measurement of small distal airway reactivity. However, using this technique regional lung xenon density can be directly quantified in airways and alveoli. As we showed previously, regional kinetics of xenon density vs. time during Xe/O 2 wash-in allow measurements of regional specific lung ventilation using dynamic KES-CT imaging (32). In the present study, Previous studies by us (27, 28) using 2D and 3D KES-CT in rabbit lung following histamine inhalation, and by others (35, 42, 43) have shown that bronchoconstriction produces large ventilation defects. If proximal conducting airway obstruction were the only cause of such regional defects in lung xenon filling, the abnormalities would theoretically appear anatomically systematic (21), and the drop in xenon density due to the decreased local ventilation would be uniform throughout the defects. Venegas et al. (42) using positron emission tomography in human and sheep observed large ventilation defects with small-scale heterogeneity and bimodal distribution of ventilation within the defects. Similarly, in the present study, we found significant small-scale heterogeneity in regional xenon densities within the poorly filling lung zones ( figure   4 ). This suggests that the defects in regional lung ventilation causing the changes in the ventilated alveolar area resulted mainly from clusters of constricted distal airways (42). Figure 4 illustrates this observation in one animal. Six minutes after histamine inhalation, although narrowing in proximal airways was moderate, marked patchy defects in regional xenon density were observed.
However, in later images e.g.: at 24 minutes after histamine where a substantial recovery in regional alveolar ventilation was seen in this animal, proximal airways were most constricted.
Xenon is a denser gas than air, which may have an effect on respiratory system mechanics (2) . Data from our laboratory in identical baseline experimental conditions show that after 12 tidal cycles of ventilation with xenon, the respiratory system resistance increases by 15%.
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Whether the increase in the inhaled gas density may cause any further alterations in gas exchange in bronchoconstricted lung is unlikely due to the short duration of the imaging sequence.
Anesthesia with 70% xenon causes no gas exchange abnormalities in human patients despite slight deterioration in lung mechanics, making it a safe anesthetic including in patients with chronic lung disease (23).
Effect of airway size on the magnitude and kinetics of airway response to inhaled histamine
In this study, we found a significant correlation between baseline airway caliber and reactivity to histamine provocation in proximal airways down to 2.7 mm in diameter, corresponding approximately to the 6 th generation in rabbit (33). The measurement of the drop in ventilated alveolar area was used to obtain an estimate of distal airway response which is a mean value for all distal airways leading to alveoli within a CT image. Although it is difficult to directly compare luminal narrowing in proximal airways and the drop in ventilated alveolar area on an absolute scale, the maximal relative change in both parameters was similar in magnitude on the average over the 3 imaged cross-section levels. Also, the regional distribution of xenon gas within the lung fields became very inhomogeneous following histamine aerosol challenge (figure 4) suggesting significant alveolar ventilation heterogeneity (figure 8).
Topographical differences. Topographical differences in bronchial response to histamine that the size-dependence of airway reactivity may depend on the studied species.
In the present study, there were significant differences in the kinetics of airway response to histamine among proximal airways down to 2.7 mm in baseline diameter, with smaller airways responding faster than larger more proximal airways ( Table 2 , 3 Figure 9 ). Moreover, response in proximal airways was considerably delayed compared to that of distal airways as estimated from the ventilated alveolar area measurements, with a time lag of approximately 20 min to reach maximal response in proximal airways. Unlike proximal airways, in distal airways response to histamine appeared maximal in the first data points acquired 6 min following provocation, with a much more rapid recovery ( Figure 9 ).
Effect of inspired gas volume. In the image acquisition protocol shown in figure 2 , the initial image was acquired following a single deep inspiration maneuver. A potential bias is that a deep inspiration may have opened constricted peripheral airways, thereby enhancing the arrival of xenon in constricted lung regions. The impact of this factor is limited however; first; because the single deep inspiration was only at 57% and 69% TLC, at 6 and 22 min respectively after histamine. Second; the ventilated alveolar area was not measured based on the inspiration image, but from the second image in the sequence obtained at FRC, 6 respiratory cycles after the deep inspiration. The total contribution of the deep inspiration to lung ventilation with Xe/O 2 during the image sequence up to the FRC image was about 16%. The second issue is whether the deeper inspiration prior to the initial image in the sequence has induced bronchodilation, since the amplitude of volume oscillations can suppress airway response to a bronchoconstricting agent. methacholine in rabbit, supposedly by the direct effect of stretch on force generation by the airway smooth muscle. The results of a separate study in identical experimental conditions in 4 rabbits, where no deep inspiration was administered and all the images were obtained at FRC and where the drop in respiratory system conductance in response to inhaled histamine was similar to this study, show that the reversal of peripheral lung fill-in defects after histamine administration is equally fast in the absence of any deep inspiration during the imaging sequence ( figure 7) . In other words the deeper inspirations did not seem to be the cause of the rapid recovery of xenon filling in the peripheral lung after histamine administration.
Changes in the inspired gas volume just prior to the inspiratory image could induce differences in proximal airway cross-sectional area measurements, which were based on the inspiratory image, i.e.: in the first of the 2 images acquired in each sequence. Our data show that there were no significant differences in the inspired gas volume prior to the inspiratory image, at baseline. Immediately following histamine, the inspired gas volume was reduced. It is seen in Table 3 that at 6 min post-histamine when the first post-histamine images were acquired, the drop in the inspired volume prior to the image was maximal, while the decrease in proximal airway caliber was small as shown in an example in figure 4, and in figure 5. On the contrary, 22 min after histamine (average time to maximum for all airways) when the inspired volume was not significantly different than baseline the narrowing in proximal airways was maximal. These observations suggest that the impact of the initial decrease in inspired gas volume after histamine on proximal airway cross-sectional area measurements was minimal.
Mechanisms of differences in the kinetics of bronchoconstriction
The degree of airway narrowing during bronchoconstriction is a balance between the force generated by the airway smooth muscle and the elastic forces that limit airway smooth concomitantly to the drop in VT, followed by a gradual decrease thereafter. This increase in airway pressure should act oppositely to the change in VT, and limit airway narrowing. However, despite the nearly two-fold increase in peak airway pressure during tidal breathing measured at 6 minutes post-histamine when the first image data were acquired (table 3) , the decrease in ventilated alveolar area due to distal airway constriction was maximal. Based on a computational model in mature rabbit lung (24) when transmural pressure increases from 10 to 20 cmH 2 O, normalized lumen area (A/A Baseline ) increased by less than 20% in airway generations 1 to 9, the change being largest for generation 9 and least for generation 1. In the present study, 6 min posthistamine, tracheal pressure was on the average 14% (or 3.4 cmH 2 O) higher compared to 22 min post-histamine, when the constriction was maximal in proximal airways. This pressure difference is too small to have prevented narrowing of larger airways in the early phase after histamine inhalation. Therefore, the drop in VT and the concomitant elevation in tracheal pressure most Aerosol deposition. Predominant aerosol deposition in peripheral airways would deliver a larger histamine dose in these airways. The maximal magnitude of response in proximal airways,
i.e.: at the lower lung level is quite significant, the luminal area dropping to 38% of the baseline value (table 2) , which is not in favor of a small histamine dose being deposited in the proximal (8), suggesting that the heterogeneity in histamine response is predominantly controlled by local mechanisms. Aerosol deposition depends on the mass median of aerosol diameter (MMAD) of the aerosol particles, the smaller aerosol particles depositing more easily in the peripheral lung (38). In a study with a similar aerosol particle MMAD of 3.3 Tm in tracheostomized and ventilated rabbit, (31) the administered aerosol dose deposited in the trachea was more than twice that in the peripheral lung. In this study, the MMAD of the aerosol particle was 3.5 Tm. Therefore, the earlier response in the peripheral airways does not appear to be due to a larger dose delivery to the peripheral versus central airways.
Conclusions
We have used an original CT imaging method to assess the role of airway size in the kinetics and magnitude of airway response to histamine inhalation in healthy rabbits. Our results indicate significant differences in the kinetics of histamine response in proximal vs. distal airways, as well as differences in airway reactivity as a function of airway size in proximal airways: larger proximal airways reacted and recovered more slowly than smaller distal airways. The findings suggest that changes in respiratory system conductance after inhaled histamine result from combined reactions in proximal and distal airways. However, the relative contribution of these components seems very unequal in time following histamine inhalation. These findings may be important for studies of the pathophysiology and treatment of asthma. histamine provocation. 3D images were reconstructed from 80 CT slices, the vertical step was 0.7 mm and the total image height 56.0 mm. Images were thresholded based on the xenon density and surface-rendered. Marked airway narrowing is observed following histamine inhalation.
Disappearance of some medium sized airways may be due to the 3D rendering technique as narrowed airway calibers approached the resolution limit of the technique (see: Methods). Upper, Values are means ± SD from all animals (N=6), * : significant difference compared to baseline (P<0.05).
